Approximately, 10% to 15% of serous ovarian tumors fall into the category designated as tumors of low malignant potential (LMP). Like their invasive counterparts, LMP tumors may be associated with extraovarian disease, for example, in the peritoneal cavity and regional lymph nodes. However, unlike typical invasive carcinomas, patients generally have a favorable prognosis. The mutational profile also differs markedly from that seen in most serous carcinomas. Typically, LMP tumors are associated with KRAS and BRAF mutations. Interrogation of expression profiles in serous LMP tumors suggested overall redundancy of RAS-MAPK pathway mutations and a distinct mechanism of oncogenesis compared with high-grade ovarian carcinomas. Our findings indicate that activating mutation of the RAS-MAPK pathway in serous LMP may be present in >70% of cases compared with f12.5% in serous ovarian carcinomas. In addition to mutations of KRAS (18%) and BRAF (48%) mutations, ERBB2
Introduction
Malignant ovarian epithelial tumors account for f90% of all ovarian cancers, and these, in turn, represent the fifth most common cause of cancer deaths in women in Western countries (1) . The high mortality rate associated with such cancers is due, in part, to their frequent diagnosis in advanced clinical stage, with spread beyond the ovaries. Ovarian epithelial tumors are a heterogeneous group of neoplasms, comprising benign adenomas, LMP, and, frankly, malignant tumors with several major histologic subtypes, including serous, clear cell, endometrioid, and mucinous cancers. Of these, the most common are serous carcinomas, accounting for >50% of diagnosed cases and generally thought to arise from the single epithelial cell layer that lines the ovary or from inclusion cysts lined with these same cells within superficial ovarian cortex (2) .
Approximately, 10% to 15% of serous tumors are classified as ''proliferating,'' ''borderline,'' or of low malignant potential (LMP; ref. 3) . LMP tumors display atypical epithelial proliferation with nuclear atypia and frequent extraovarian lesions (so-called ''implants'') in the peritoneal cavity and lymph nodes yet lack (by definition) destructive stromal invasion in the notional primary neoplasm. They are considerably less aggressive than high-grade serous carcinomas (4) , and progressive disease is dependent on the presence and features of the extraovarian lesions-the true nature of which, therefore, remains controversial. Whereas the 5-year survival for patients diagnosed with advanced high-grade serous ovarian carcinoma is <45%, women with ''high-stage'' LMP tumors have a more favorable prognosis, with some reports describing 5-year survival as high as 95% (3) . Serous LMP tumors typically respond poorly to chemotherapy and are primarily managed surgically. Women affected by LMP tumors are, on average, younger than those affected by high-grade ovarian carcinomas (5) . Pathologic evaluation of serous LMP tumors has identified some predictive features for the recurrence of disease, poor survival, and progression. Specifically, the presence of (micro)-invasive versus noninvasive peritoneal implants suggests an aggressive phenotype (6) . Similarly, the so-called ''micropapillary'' pattern within the primary tumor equates with high-grade change in the spectrum of serous LMP tumors and increases the likelihood of an invasive extraovarian disease and a worse clinical course. However, some debates still exist regarding the clinical significance of such histopathologic features (5) .
Recently, our group and others have begun investigating the molecular profile of serous LMP tumors compared with the more common higher-grade serous carcinomas (7) (8) (9) (10) . Overall, the results have suggested that LMP tumors follow a different process of cellular transformation compared with the majority of their invasive counterparts. One striking feature of LMP tumors is the high rate of KRAS and BRAF mutations, both of which are thought to act primarily through the canonical RAS-MAPK (RAS-RAF-MEK-ERK-MAP kinase) pathway (3, 7, (10) (11) (12) (13) . Furthermore, many serous LMP tumors have been reported to have wild-type p53 and functional p53 signaling (8, 14) . It has been proposed that some serous LMP tumors progress to noninvasive or invasive micropapillary serous carcinomas, which may or may not progress further to become a high-grade invasive serous carcinoma (reviewed in refs. 13, 15) . However, most high-grade serous carcinomas are thought to arise without a morphologically recognizable precursor lesion, apparently evolving de novo and metastasizing early in their course. In addition, some controversies also exist as to the cell of origin of high-grade ovarian serous carcinomas, with several recent studies suggesting that some tumors, designated as primary ovarian, may arise from the epithelium of the fimbria of the fallopian tube (16, 17) .
High throughput methods, such as cDNA and oligonucleotide microarrays, are increasingly being used to systematically compare molecular features of individual cancers to key clinical variables. Here, we used Affymetrix HG-U133 2.0plus expression arrays to interrogate the expression profile of LMP and invasive serous ovarian carcinomas. Expression profiles were compared with tumor class, stage, grade, and mutation status. Our data highlight distinct pathways that serve to differentiate invasive and LMP tumors and confirm previously published findings. We suggest that the loss of p53 functionality is crucial for the progression of high-grade serous carcinomas. Furthermore, we have explored, in detail, the similarity of expression profiles between various RAS pathway mutations within serous LMP tumors. These profiles suggest an overall redundancy between these mutations and a distinct mechanism of oncogenesis from more common high-grade serous ovarian carcinomas. We propose that RAS pathway activation is a major contributor to LMP tumor development, and, in addition to KRAS and BRAF mutations, ERBB2 and other yet to be described mutations or perturbations of the RAS-MAPK pathway occur in all LMP tumors.
Results

Comparison of Expression Profiles between LMP and Invasive
Gene expression patterns were measured in a cohort of 30 serous LMP tumors and 60 high-grade invasive serous ovarian carcinomas using Affymetrix HG-U133 2.0plus arrays. Data were normalized and filtered, resulting in 2,947 informative probes (Supplementary Table S1 ). Expression levels of the filtered genes were used for unsupervised clustering and yielded a dendrogram with two distinct arms segregating LMP and invasive tumor almost perfectly (Fig. 1A) . Visual inspection of the overall clustered data was combined with ontology analysis, using DAVID/EASE (18), Panther Ontology (19) , and Gene Set Enrichment Analysis (GSEA; ref. 20) classification tools, to identify functional groupings (see also Supplementary Materials and Methods).
Distinct patterns of gene expression were evident between LMP and invasive tumors when using hierarchical clustering (Fig. 1B) and performing an analysis of gene ontologies. Consistent with previous reports (9, 21) , a group of cell cyclerelated genes (defined by Panther and DAVID/EASE) were overrepresented in a region of the cluster heatmap associated with higher gene expression in invasive carcinomas compared with LMPs ( Fig. 1B and Supplementary Fig. S1A ). These patterns of differential expression and group enrichment were also noted in the heatmap for immune and IFN response-related genes. GSEA analysis also showed overrepresentation of several cell cycle and DNA replication-related pathways (see Supplementary Table S2 for gene sets, enrichment scores, and P values). Similar with our recent analysis of a large cohort of serous invasive cancers (22) , we also noted that a subset of invasive cancers had higher expression of markers associated with reactive myofibroblasts (reactive stroma; Fig. 1B and Supplementary Fig. S1B ). These makers were largely absent from LMP samples, despite them frequently containing abundant stromal material. By contrast, LMP tumors differentially expressed higher levels of genes associated with MAPK signaling and feedback regulation, including DUSP4, DUSP6, SPRY2, SER-PINA1, and the p38/c-Jun NH 2 kinase activating kinase (JNK) MAP3K5 ( Fig. 1 and Supplementary Fig. S2 ; GSEA analysis in Supplementary Table S3 ). To verify that the enrichment and overexpression of RAS-MAPK-related transcripts were, in fact, up-regulation in LMP tumors rather than a loss of these genes in invasive carcinomas, we compared our LMP dataset to normal ovarian surface epithelium data from Bonome et al. (8) . We found that RAS-MAPK pathway genes (enriched gene lists derived from Panther, DAVID, and GSEA) were highly overrepresented among genes that were overexpressed (2-fold greater expression, q < 0.05) in serous LMP compared with ovarian surface epithelium, with a statistical significance of P < 2.2eÀ16 (Fisher exact; see also Supplementary Fig. S3 ).
In addition, components of the alternative Complement pathway, including C6 and C7 (Supplementary Table S3) , and genes associated with Dynein motor complex/microtubule-based movement/cytoskeleton were abundant ( Fig. 1 and Supplementary Fig. S2 ). The complete SAM analysis (23) of differentially expressed genes is provided in Supplementary Table S4A (see also Supplementary Materials and Methods). GSEA ''leading edge'' analysis of enriched ontologies failed to reveal genes common between overrepresented gene sets (not shown), suggesting that the different gene sets are functionally independent.
Analysis of gene ontologies also identified an overrepresentation of p53-related genes differentiating invasive and LMP tumors, as defined by Panther ontology (P = 0.00205; see also Supplementary Fig. S5A ). Although, p53 mutation status was not directly tested, a p53-responsive gene, such as CDKN1A (p21 CIP1 ), and proapoptotic genes, such as FAS and TNFR10B, were strongly expressed in LMP tumors. In contrast, invasive tumors differentially expressed higher levels of p53-related prosurvival and cell cycle -driving genes ( Fig. 1 and Supplementary Fig. S5A ; Supplementary Table S4A). Consistent with these findings, a 32 -probe gene expression signature, associated with p53 mutation status and outcome in breast cancer (24) , was able to clearly segregate LMPs from invasive tumors in our cohort through unsupervised clustering ( Supplementary   Fig. S5B ). Statistical significance for this association was established using a Monte Carlo simulation, wherein we randomly selected 32 gene sets and clustered the samples using the same method. Of 100,000 random gene set selections, only 20 were able to obtain an association as significant as or better than that obtained when using the Miller et al. set (P = 0.0002). Overall, these findings strongly suggest that p53 function is preserved in LMP tumors and that disruption of this pathway plays a major role in the pathology of invasive tumors.
Correlation of Clinical Variables to LMP Expression Profiles
Tumor stage and grade, as well as the presence of microinvasive implants and micropapillary features, were used to group the LMP tumors (Table 1A ) and compare expression profiles to find candidate genes related to various aspects of serous LMP tumor pathobiology. These features have been used to predict a more aggressive course of disease (6, 25) . However, statistical analysis using a stringent cutoff of 2-fold change and a q value of <0.05 was unable to identify any candidate Supplementary Table S4C ). Our serous LMP dataset was approximately equally split into high-grade (n = 13) and lowgrade (n = 12) samples. Eight genes that were overexpressed in high-grade serous LMP tumors were identified (Supplementary  Table S4C ), including LST1, which is involved in the enhancement of MEK and ERK1/2 signaling through targeting of ERK-MAPK pathway components to the actin cytoskeleton (26); PDZK1IP1 (MAP17), which may act to bypass tumor necrosis factor (TNF) -induced G 1 arrest (27) ; and GPNMB (Osteoactivin). Osteoactivin is expressed in advanced malignancies of varying origins (28) and enhances metastatic behavior in human glioma cell line models (29) .
Identification of LMP-like Invasive Tumors
Although unsupervised clustering of samples yielded an almost perfect segregation of LMP and malignant carcinoma (invasive tumors), we observed two serous carcinoma samples with significant similarity to LMP tumors (Figs. 1A and 2A). To determine whether additional serous invasive samples with (Table 1B) . In addition, for five of the eight LLI samples, frozen sections adjacent to the array-sampled material was available for detailed examination. All of the adjacent sample material showed varying amounts of characteristic LMP histology: 70% LMP or more in four of five cases and f40% in the remaining case. The majority of LLI tumors were of moderate to high histologic grade (five of eight, 63%), and although the overall clinical behavior of these cases was more typical of invasive serous ovarian cancer than LMP, patients with LLI tumors had a more favorable progression-free survival (log-rank test, P = 0.1) and overall survival (P = 0.095). However, there were very few patients in the LLI group, and this association was not statistically significant.
Previous studies have sought to compare serous LMP and invasive tumors to gain insight into determinants of malignancy. However, the very substantial differences in gene expression between serous LMP and invasive tumors, observed in this study and others (8) (9) (10) , confound such analyses. The identification of LLI tumors created the opportunity to examine gene expression differences between tumors that are very similar molecularly but differ phenotypically in terms of their invasiveness. However, supervised analysis failed to identify any differentially expressed genes between LLI and LMP tumors (see Supplementary Materials and Methods). A less stringent statistical analysis (q < 0.05, no fold change cutoff) identified a small list of genes that were differentially expressed (Supplementary Table S4) , including TIMP3, which was more strongly expressed in LLI tumors. Previous reports have suggested that mouse embryonic fibroblasts and mouse mammary epithelial cells deficient in TIMP3 have increased h-catenin signaling (30) . In addition, TIMP3 is normally downregulated by the activated RAS pathway and, notably, ERBB2 overexpression (31) . Given our findings suggesting differential p53 pathway activation in LMP and invasive ovarian carcinomas, we examined p53 immunohistochemical staining in LLI samples, for which formalin-fixed, paraffin-embedded (FFPE) tissue was available (five of eight samples). Although all five of the available FFPE sample sections were representative, to some degree, of both LMP and invasive histology, one sample (51104) seemed to be predominantly invasive histology, whereas another (34207) was predominantly LMP. Staining for p53 was weak and sporadic or completely negative in all available LLI samples ( Fig. 3 and Supplementary Fig. S4 ). In particular, we noted the staining to be consistent across each sample, whether in a region representative of LMP or more invasive histology (Fig. 3) . These results were consistent with our molecular expression profiling and those reported in the literature for overall p53 status of serous LMP (32) .
Mutation Analysis of Ovarian LMP and LLI Tumors
To allow us to determine whether the expression profiles of the LMP tumors were influenced by mutations of genes within the canonical RAS-MAPK pathway, we first screened a panel of 134 LMP tumors (Table 2) for the most common mutational sites in BRAF and KRAS (c.1799T>A BRAF and c.35G>A and c.35G>T KRAS). Overall, we found 46 cases (34%) with a BRAF mutation and 33 (25%) with a KRAS mutation. The BRAF mutations were found mainly in the serous LMP cases (44 of 95, 46%), but there were also two mucinous LMP cases with BRAF mutations (2 of 39, 5%; P < 0.001, Fisher exact test). BRAF mutations have not been previously reported in mucinous LMP cancers despite specific investigations (33, 34) and were, therefore, confirmed by resequencing of repeat sections after additional pathology review. KRAS mutations were more common in mucinous (15 of 38, 39%) than the serous (18 of 95, 19%) LMP cases (P = 0.01, Fisher exact test). There were no cases with both BRAF and KRAS mutations (P < 0.001, Fisher exact test).
Mutation analysis was carried out on the LLI tumors for which DNA was available (five of eight), and an additional 40 invasive tumors were selected at random to determine whether there was a higher incidence of BRAF and KRAS mutations in the LLI group compared with the other invasive serous tumors (Table 2) . Overall mutations were more frequent in our small LLI tumor cohort compared with invasive serous samples (2 of 5, 40% versus 5 of 40, 12.5%). Interestingly, a single c.1799T>A BRAF mutation was observed in the LLI group, and this type of mutation has not previously been reported among invasive serous ovarian tumors. It must further be noted that this case did contain coexisting LMP and invasive histology and that the DNA tested for mutation was sampled from a region of primarily LMP (f70%).
LMP Tumors Share a Similar Expression Profile Regardless of the Nature of the RAS-MAPK Pathway Mutation
To further understand the significance of RAS-MAPK pathway mutations within LMP tumors, we compared the expression profiles of the 30 LMPs we had analyzed using expression arrays and on which the BRAF and KRAS mutation status was known. A number of analyses were done, including comparison of tumors that were mutant for either BRAF or KRAS versus wild-type tumors. Results are summarized in Supplementary Table S4 (see also Supplementary Materials and Methods). The number of samples in each group influenced our findings: the most significant difference in gene expression observed was between wild-type and BRAF mutant serous LMP cases, with 263 unique genes identified as differentially expressed. Validation of the microarray expression profiling was obtained using real-time reverse transcription -PCR analysis for selected genes that were differentially expressed between the BRAF and wild-type LMP tumors ( Supplementary  Fig. S6 ). Analysis of gene ontology indicated enrichment for genes involved in signal transduction, although without indication of a specific signaling pathway or process. A comparison was made to publicly available gene lists of differentially expressed genes in other cancers (35) (36) (37) (38) or model systems (39-41) harboring mutant RAS or BRAF. We found little concordance between previously reported RAS or BRAF signatures and the genes we found to be differentially expressed between BRAF, KRAS, and wild-type LMP tumors (data not shown). Conversely, previously defined BRAF or KRAS gene signatures were unable to separate LMP tumors based on their mutation status (data not shown). Manual inspection of the gene lists and Pubmed/Pubmatrix 10 literature searches suggests that there are, in fact, some differences between the tumors with KRAS or BRAF mutations. In fact, similar investigations had been done by other groups using ''metagene'' analysis to separate cells based on oncogenic transformation of various oncogenes, including HRAS, MYC, and ERBB2 (42). However, having applied a number of ontology classification schemes to our lists of genes generated from one mutation versus another, we were unable to pick up overrepresentation of RAS or alternate transforming pathways specific to KRAS versus BRAF mutations.
RAS-MAPK Activating ERBB2 Mutations in Serous LMP Tumors
Whereas LMP tumors overexpressed genes related to RAS-MAPK pathway compared with the majority of invasive tumors, the limited ability to detect a differential RAS signature between wild-type and mutant LMP tumors suggested that, apparently, wild-type LMP tumors may harbor other RAS-MAPK pathwayactivating events. Regulators of RAS-MAPK signaling have been well described. In particular, the epidermal growth factor (EGFR) family of receptor tyrosine kinases represents one of the most studied groups of upstream activators (43, 44) . We chose, specifically, to examine the ERBB2 and EGFR genes. EGFR (ERBB1) and its homologue ERBB2 (HER2-neu) activate RAS; hence, the RAS-MAPK pathway via the adaptor protein growth factor receptor binding protein 2 (GRB2; refs. 44, 45) . Mutations in the tyrosine kinase domain of EGFR have been found in 8% of non -small cell lung cancers (46, 47) and 3.5% of invasive ovarian cancers (48) . Similar mutations have been found in ERBB2 in 1.6% to 4% of non -small cell lung cancers (49, 50) and a small number of ovarian tumors (50-52), including 2 of 21 serous LMP tumors (52) . We therefore screened for mutations in EGFR family genes. The ERBB2 kinase domain was screened by DHPLC in a subset of 109 LMP tumors and 39 invasive ovarian carcinomas, for which sufficient DNA was available. Heterozygous somatic mutations were discovered in 5 of 84 (6%) serous LMP ovarian tumors [or 5 of 109 (5%) of all screened LMP tumors (Tables 2 and 3) ]. These mutations were tumor specific and were not present in the corresponding germline DNA. All ERBB2 mutations were found to be mutually exclusive of the BRAF and KRAS mutations (P = 0.0117, Fisher exact test), as has been reported previously (52) . Furthermore, all ERBB2 mutations were in-frame insertion/duplications of 12 nucleotides in exon 20. There were two cases with identical duplication at position 2322, two cases with identical duplication at position 2324, and one case with a duplication at position 2325. All insertions/duplications overlapped a central core of nine nucleotides TACGTGATG, and all have previously been reported to occur in non -small cell lung cancers (COSMIC 11 ).
The tyrosine kinase domain of the EGFR gene was also screened by DHPLC in 49 LMP ovarian tumors and 38 invasive ovarian carcinomas, but no somatic mutations were found (data not shown).
In keeping with our expression profile analysis of LMP tumors, ERBB2 mutant tumors also illustrated a very similar expression profile to other LMP tumors (Figs. 1 and 2) . Furthermore, principal component analysis plots of expression profile data between the various mutation groups of LMP and LLI tumors show a very tight grouping without obvious separation between classes (Fig. 2B) .
Discussion
This study provides additional insight to our current understanding of ovarian serous LMP tumors. We have confirmed many previous observations but have also showed unique features of LMP tumors that have not previously been discussed and provide further support for the differential oncogenic evolution of serous LMP and high-grade serous carcinomas. We have shown the enrichment of specific clusters of coregulated genes (such as Dynein motor complex -related genes) in LMP tumors and also the enrichment of p53 pathway members in molecular differentiation of LMP from high-grade carcinomas. The loss of function of p53 in high-grade serous ovarian tumors seems to be critical and contrasts its apparent retention in serous LMP tumors. Immunostaining of p53 (as a proxy of mutation) has previously shown to differ between LMP and invasive serous ovarian tumors (32) and is consistent with the evidence of functional p53 signaling observed in LMP tumors in this study and in a study by Bonome et al. (8) . Sherman et al. (5) have suggested that this could be explained, at least in part, through a progressive model for LMP development into a more invasive form. However, it may equally support the argument for a differential pathway of development between serous LMP and high-grade serous ovarian carcinomas, as has been suggested by other groups (13) .
Other groups of functionally related and enriched gene sets included Complement pathway components C6 and C7. Relatively high-level expression of C7 has been previously reported in LMP tumors (53) . Of note, both LMP and invasive tumors in our dataset seem to express different negative regulators of the Complement pathway membrane attack complex assembly, including CD55 in LMP and FHL1 in invasive tumors; both of these have been observed in other tumor systems (54) . A particularly strong group of coregulated genes in LMP tumors included a number of Dynein motor complex components. It is known that Dynein motor complex genes take part in axonemal movement, as well as intracellular retrograde transport (reviewed in refs. 55, 56) . Cilia are present in normal adult ovarian surface epithelium (57) and commonly observed in benign and LMP tumor cells (58) . Previous literature has suggested retention of some basic expression pattern from the cell of origin to tumor tissue and even cell lines (59, 60) ; this may represent the gene expression pattern from a relatively well-differentiated ovarian surface epithelial cell. Although invasive serous tumors are also thought to arise from the ovarian surface epithelium, most lack expression of this Dynein cluster. It has been suggested that high-grade serous carcinomas may, in fact, originate from a secretory cell within the fimbria of the fallopian tube, and not the ovarian epithelium. This is based on the localization of tubal carcinomas to the fimbria (17) , the association of many peritoneal and ovarian serous carcinomas with the fimbriated end (61) and expression of (mutant) p53 in a secretory cell of the fimbria (16) . Dynein motor complex involvement in retrograde transport should also be considered in the biology of LMP tumors as Dynein retrograde transport has been linked to MAPK [stress-activated protein kinase/c-Jun NH 2 kinase (SAPK/JNK)] signaling (62, 63) . Although a number of key molecules implicated in control of this vesicle transport chain, including DLK1 and MAP3K5, seem to be up-regulated in LMP tumors (versus highgrade invasive), the pathway has been mostly studied in the context of neuronal transport and axonal damage repair (64, 65) , and its relation to tumor pathobiology has not been explored. A high incidence of activating mutations in the RAS-MAPK pathway has commonly been found in LMP tumors (3, 7, 8, 11, 12) , and we found either BRAF or KRAS mutations in the majority of LMP cases tested (59%, 79 of 134). We found BRAF mutations in 46% of serous LMP. This is higher than previous reports of f30% of serous LMP tumors (33, 34, 66) and is probably explained by the high sensitivity of the allelespecific PCR we used. We found a much lower proportion of mucinous LMP cases with BRAF mutations (5%). BRAF mutations have not previously been reported in mucinous LMP tumors, although there is one report of a BRAF mutation in a mucinous invasive case (33) . Previous studies of KRAS in LMP tumors have reported mutations in f25% of serous and 50% to 80% of mucinous cases (34, 66, 67) , which are comparable with our findings of KRAS mutations in 19% of serous LMP and 39% of mucinous LMP tumors. As we only screened the tumors for the most common mutations (KRAS c.35G>A and c.35G>T), it is possible that there may have been additional tumors with other less common mutations. As noted in other tumor types with common activating mutations along the RAS-MAPK pathway (35, 38, (68) (69) (70) , these mutations are mutually exclusive in ovarian cancers. Overall these studies further support the notion that activating mutations of either KRAS or BRAF are sufficient to deregulate a common effector pathway, such as the MEK-ERK cascade.
We found that expression profiles within the whole group of LMP tumors were highly similar. Specific examination of the relatively few differentially expressed genes between known BRAF or KRAS mutants and the so-called wild-type LMP tumors could not identify any characteristics, pathways, or molecular functions to differentiate them. These differentially expressed genes probably represent bystander effects rather than transforming drivers. Taken together, we propose that perturbation of the RAS-MAPK pathway is common among all LMP tumors. However, the mechanism of the activation has not yet been completely defined and our confirmation of ERBB2 mutations provides evidence of alternative yet functionally equivalent mechanism of activating this pathway in LMP tumors. EGFR and ERBB2 have commonly been cited as amplified and overexpressed in cancer. However, the finding of activating mutations in these genes is more recent (reviewed in ref. 71 ). Functional studies by Wang et al. have shown that the HER2 YVMA mutant protein has higher transforming ability than the wild-type HER2 (72) . HER2 YVMA protected cells from apoptosis has stronger catalytic ability and is more potent at associating with and activating EGFR in the absence of ligands. Furthermore, a majority of the ERBB2 mutations in cancer have affected the aC-h4 loop (73), including those observed in this study: p.Try772_Ala775dup (HER2 YVMA ) and the similar p.Ala771_Met774dup (HER2 AYVM ). Fan et al. have investigated point mutation, truncations, and chimeric constructs of ERBB2 and other HER family members to explore the function of the aC-h4 loop in regulation and autoinhibition of ERBB2 (74) . Their results, along with the frequency and location of cancer-associated ERBB2 mutations, strongly suggest that this domain is critical for the regulation (enhancement) of ERBB2 activity. In the case of ovarian serous LMP tumors, activation of the RAS-MAPK pathway is evident not only through activation of mutant RAS, BRAF, and ERBB2 but also in downstream activity of (phosphorylated) ERK (75) .
Our data add to the mechanisms by which RAS pathway activation can occur in LMP tumors. The inability of our gene expression profiling studies to separate apparently wild-type and mutant tumors suggests that additional as yet undefined mechanisms exist to activate the RAS pathway in LMP tumors. Collectively, our findings suggest that RAS pathway activation is a constant feature of all LMP tumors. Despite the mutation of known oncogenes in LMP tumors, this group is characterized by generally indolent behavior. In examining this seemingly contradictory observation, Sieben et al. suggested that two genes (DUSP4 and SERPINA5) within the LMP expression profile are integral in suppressing the transforming effect of RAS-MAPK pathway mutation in LMP (10). Although our data support an enrichment of both DUSP4 and SERPINA5 in LMP tumors, more detailed examination of our own data suggests a much broader representation of RAS-MAPK regulators. In addition to the above-mentioned genes, this also includes enrichment of the negative regulators of RAS-MAPK function: DUSP family members 1/4/5/6 (76), TRIB2 (77), RPS6KA2 (p90 RSK ; refs. 78, 79), SPRY2 (80), and SPRY4 (81). It is unclear whether activation of these genes reflects constraint of RAS-MAPK -mediated tumor growth and invasion or a cellular response aimed to down-regulate chronic RAS pathway activation. Of particular interest, MAP3K5 (ASK1) is one of the genes at the core of the GSEA enrichment analysis for LMP tumors. MAP3K5 is an upstream activator of the parallel MAPK pathways linked to p38 SAPK/JNK and antagonistic to ERK signaling (82) , primarily leading to apoptosis, senescence, or differentiation (reviewed in ref. 83) . It is possible that partial negative regulation of the RAS-MAPK pathway may result in a delicate balance between tumor growth while allowing LMPs with functional p53 to circumvent p53-mediated senescence or apoptosis that is typically associated with high-level RAS activation (84, 85) .
There are currently few nonsurgical treatment options for LMP patients, as LMP tumors are not generally thought to be responsive to chemotherapy. Small molecule inhibitors of ERBB2 (epidermal growth factor family), RAS, MEK, or ERK may prove to be viable treatment options for patients with recurrent or progressive LMP tumors and, potentially, for young patients with LMP wherein preservation of fertility is an issue. In thyroid tumors with BRAF or KRAS mutations, the MEK inhibitor CI-1040 has shown promise both in vitro and in mouse models (86) . However, overall clinical trials of MEK inhibitors have given mixed results (87, 88) , and any potential treatment options need to be weighed against the already favorable prognosis for LMP tumors and the presence of histopathologic features.
Clinical and pathologic features of LMP tumors that stratify tumors into subgroups were further examined for molecular signatures. Overall, this analysis was difficult due to a low number of samples, but some inferences can be made. For example, Sherman et al. suggested reclassifying LMPs with substantial micropapillary growth as carcinomas (5) . Here, we have shown that the global expression signature between tumors with or without micropapillary growth is not significantly different, supporting the view that these tumors are closely related at a molecular level, although still distinct from high-grade serous ovarian carcinoma. This finding is in line with the progression model relating LMP with the micropapillary serous carcinoma subtype proposed by several studies (13, 15, 66, 89) . Further exploration of the differences between indolent and aggressive LMP tumors may be possible as additional clinically annotated datasets, similar to that described here, are generated.
The discovery of LLI tumors is of further interest in defining progressive LMP tumors. Unsupervised hierarchical clustering identified eight LLI tumors; all of these tumors were reviewed in detail and contained coexisting invasive carcinoma and LMP histology. Specific review of the material directly adjacent to the array-sampled frozen tissue showed that most or all LLI samples included LMP components. In such cases, microdissection would be required to determine if, and to what extent, the LMP element may have obscured the expression signature of the invasive component of the LLI. However, more detailed analysis of p53 immunohistochemistry in LLI tumors suggests some levels of molecular consistency across both LMP-like and more invasive regions, at least in our cohort. It should be noted that, among our cohorts, an additional four invasive tumors were identified with LMP histology that did not fall within the LLI/LMP cluster (see Table 1B ). Again, microdissection and molecular comparison of differential histologies within the same patients would be helpful and is likely to be necessary for a complete understanding of each of these tumor classes. Following this, a previous analysis of serous ovarian cancers noted that low-grade invasive tumors selectively cosegregated with LMP tumors (8) . The majority of LLI tumors in our study were Grade 2, but also included one Grade 3 and one Grade 1 tumor (Table 1B) . Interestingly, three additional low-grade invasive tumors were included in our dataset but failed to segregate with the LMP tumors. These findings are in part in contrast to those of Bonome et al. (8) , who concluded that most low-grade serous invasive tumors resemble their LMP counterparts. Further study is required to address whether there may be, in fact, two classes of low-grade tumors: those that progress from LMP versus others that are more closely related to highgrade invasive carcinomas. Overall, the findings of this study support the view that the molecular events underlying the development of serous ovarian tumors of LMP are quite distinct from those leading to high-grade serous ovarian carcinoma. We have defined p53 pathway activation as a major discriminator of the LMP and invasive subtypes. Finally, we have confirmed that ERBB2 activating mutations are the third most common oncogene mutation among LMP tumors and have linked this, along with KRAS and BRAF mutations, to a ubiquitously present LMP RAS-MAPK expression signature.
Materials and Methods
Primary Tumors
Ovarian tumor samples were obtained from 194 patients undergoing surgery at the Royal Brisbane Hospital or Westmead Hospital and through the Australian Ovarian Cancer Study. 12 These included 134 LMP tumors, of which 30 were used for expression profiling, and 99 invasive ovarian tumors, 60 of which underwent expression profiling. Patients were staged at laparotomy, in accordance with the recommendations of the International Federation of Gynaecology and Obstetrics (FIGO). Of the LMP tumors, there were 94 serous, 39 mucinous, and 1 tumor of mixed histology, whereas 89 of the invasive tumors were serous, 6 were endometrial, 3 were mucinous, and 1 was of clear cell histology. Constitutional DNA was available in all cases from peripheral blood, and informed consent was obtained from all patients. Expression array data from an additional 150 invasive serous ovarian carcinomas were included in the analyses; the characteristics of this cohort have previously been described (22) . DNA from frozen tumor blocks and blood was extracted by the saltingout method, as described in ref. (90) . This study was approved by the Human Research Ethics Committees at the Peter MacCallum Cancer Centre, Queensland Institute of Medical Research, University of Melbourne, and all participating hospitals.
Sample, Microarray, and Data Processing
Frozen tissue specimens were collected at the time of primary debulking surgery and snap frozen in liquid nitrogen. Serial tissue sections (12 Â 100 Am) were cut, and RNA was extracted using TRIZOL reagent (Invitrogen) and then further purified by column chromatography using a Qiagen RNeasy spin column (Qiagen). Total RNA quality was assessed using an Agilent Bioanalyzer 2100 Pico assay (Agilent) and Nanodrop Spectrophotometer (Nanodrop Technologies). Only samples with a Bioanalyzer degradation factor of less than 8 and a Nanodrop A260/A280 ratio between 1.8 and 2.1 were used for further analysis. A single round amplification was used to generate cRNA from total RNA extracts, hybridized to Affymetrix HG-U133 2.0plus expression arrays, and scanned in accordance with standard Affymetrix protocols (Affymetrix). Image analysis and probe quantitation were done using Affymetrix Gene Chip Operating Software, using a scaling factor of 150. R packages ''Simple Affy'' and ''Affy,'' available from the Bioconductor project, 13 were used for quality control and normalization, respectively. CEL files were subject to quality control before batch normalization using the robust multiarray average algorithm method (91) . Expression from selected probes/genes was further validated, as described in Supplementary Fig. S6 . Technical details on data processing, including normalization, filtering, differential gene expression statistical analysis, and classifier design, can be found in Supplementary Materials and Methods. Data associated with this study can be found on the public Gene Expression Omnibus repository. 14 
Immunohistochemistry of p53
FFPE tissue from five of eight LLI tumors was available for immunohistochemical analysis (no FFPE or frozen tissue was available for the remaining three LLI samples). As FFPE material was used for immunohistochemistry and frozen tissue for gene expression profiling, we reviewed the FFPE samples to ensure they were representative of the samples used for expression analysis; all of the available samples were representative of both LMP and invasive histology and were similar in composition to the frozen material used for expression analysis. Immunohistochemical staining was done as recommended by manufacturer and has been previously described (89) . Tissue sections (4 Am) on Superfrost Plus slides were subject to 20-min heat retrieval (pH 9 buffer) in a 100jC water bath. Immunostaining was done in a Dako auto-stainer: 5 min in 3% hydrogen peroxide, 30 min with anti-p53 antibody (1:400 dilution; monoclonal antibody DO-7; NovoCastra Labs). Staining was visualized with Dako EnVision/HRP FLEX polymer (30 min; Dako) and DAB FLEX (10 min; Dako). Sections were counterstained with Mayer's hematoxylin and Scott's tap water. Slides were scanned on an Olympus dotSlide automated microscope scanning system; no image postprocessing has been applied.
Allele-Specific PCR and Melt Curve Analysis
Screening for the BRAF c.1799T>A and KRAS c.35G>A and c.35G>T mutations was carried out by allele-specific PCR and melt-curve analysis (92, 93) . Multiple PCR primers were designed to specifically amplify either the mutant or wild-type BRAF or KRAS alleles (Supplementary Table S5 ). A 17-bp GC clamp was incorporated at the 5 ¶ end of each mutant primer to increase the melting temperature of the mutant alleles by f5jC. The PCR reaction was carried out on a Rotor-gene 3000 (Corbett Research) with 10 to 20 ng of genomic DNA in a 15-AL volume containing Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen). For BRAF, the PCR reaction was carried out with mutant forward (200 nmol/L), wild-type forward (200 nmol/L), and reverse (600 nmol/L) primers at 50jC for 2 min, 95jC for 2 min, and 40 cycles of 95jC for 15 s and 60jC for 60 s. For KRAS, the c.35G>A mutation was assessed with the wild-type forward (670 nmol/L), A mutant forward (670 nmol/ L), and reverse (1,340 nmol/L) primers, whereas the c.35G>T mutation was assessed with the wild-type forward (177 nmol/ L), T mutant forward (177 nmol/L), and reverse (533 nmol/L) primers. Cycling was carried out for both KRAS PCR reactions at 50jC for 2 min, 95jC for 2 min, and 40 cycles of 95jC for 15 s and 60jC for 35 s. After amplification, samples were subjected to a temperature ramp from 50jC to 99jC, increasing 1jC each step. For BRAF, wild-type samples produced single melt peaks at 80jC, whereas mutant samples produced either single peaks at 85jC or peaks at both 80jC and 85jC ( Supplementary Fig. S7 ). For KRAS, the wild-type melt peaks were observed at 80.5jC and mutant peaks at 87jC.
Sequencing of PCR products from samples that gave melt peaks at both 80jC and 85jC for BRAF did not reveal mutant alleles in all cases. In three cases, only wild-type alleles were detected by direct sequencing. The PCR products from these three cases were cloned into pGEM-T and sequencing of 20 clones of each found two mutant clones in each case, suggesting that these samples contain f10% mutant BRAF alleles. To more precisely determine the sensitivity of the allele-specific PCR for both the BRAF c.1799T>A and KRAS c.35G>A and c.35G>T mutations, different proportions of plasmids containing the cloned mutant and wild-type BRAF and KRAS alleles were mixed together ( Supplementary Fig. S8 ). In all three cases, we found that the allele-specific PCR could detect 14% or more mutant allele, thereby confirming the high sensitivity of this assay.
DHPLC Analysis of ERBB2 and EGFR
PCR primers were also designed to amplify the seven exons that contain the ERBB2 kinase domain (Table 2 ). Exons 21 and 22 were amplified in a single PCR fragment, whereas exons 18, 19, 20, 23, and 24 were each amplified separately. PCR primers were also designed to amplify exons 18, 19, 20 , and 21 of the EGFR gene, which encompass the tyrosine kinase domain (see Supplementary Table S5 ). PCR fragments were amplified from 50 ng of DNA using AmpliTaq Gold (PE Applied Biosystems) in a final volume of 20 AL. Amplicons were then denatured at 95jC for 5 min and cooled to 60jC over 30 min (1jC/min) before injection into the Varian Helix System (Varian). Initially, DHPLC was carried on all tumor samples at the recommended melt temperature, as determined by the Stanford melt algorithm. 15 Analysis was done using the Star Workstation version 5 (Varian). Samples that produced an aberrant shift in retention time and/or peak shape were reamplified along with the corresponding constitutional DNA, and both samples were analyzed on the DHPLC. Samples showing tumor-specific profiles on the DHPLC were sequenced using the ABI Prism Big Dye Terminator Cycle Sequencing Ready Reaction kit (PE Applied Biosystems) and analyzed on an ABI 377 sequencer. Samples with indel mutations were cloned into the pGEM-T vector (Promega), and individual clones were sequenced to define the mutation.
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